Abstract-The Q-factor of superconducting accelerating cavities can be substantially improved by a special heat treatment under N 2 atmosphere (N-doping). Recent experiments at Fermi National Laboratory investigated the dependence of Q on the RF frequency and showed, unexpectedly, both an increase and a decrease with the RF field amplitude. This paper shall explain this finding by extending a previously proposed model founded on the two fluid model of RF losses, percolation, and the proximity effect in a disordered composite.
. Surface resistance R s for N-doped cavities (made with the exact same doping recipe) as a function of the accelerating field E acc at 2 K, normalized to the low field surface resistance R 0 s at 5 MV/m (adapted from [9] , where R s is called R BCS ). Superimposed are the results from (1) and (3), obtained with the parameters as in Table I (coloured lines), NB: B/E acc = 4 mT/(MV/m).
superconductor is the "nitrogen" component, consisting of nitrogen dissolved in niobium (volume fraction x 1 ). The second component of the weak superconductor is the "niobium" component, consisting of "dirty" niobium (volume fraction x 2 = 1 − x 1 ). Depending on the concentration of nitrogen (∼15 up to 25 at.%) the weak superconductor may have an intrinsic critical temperature with a lower bound of T cN ∼ 1.2-2 K [10] - [12] , but, by the proximity effect, have a larger one due to the coupling with the "dirty" niobium component. T cN is the critical temperature, where the nitrogen component itself becomes a superconductor. When both components of the weak superconductor are superconducting (at low RF field), the overall average electrical conductivity is named s N b .
When the RF magnetic field amplitude B is raised, the weak superconductor gradually turns normal conducting, consequent to the proximity effect, above a small threshold field Here, the supposition is made of a volume fraction of the weak superconductor being constant within the depth of the RF field. This supposition is confirmed by surface analysis [6] , [13] .
Hence, the B dependence of R s can be described by
The function f (B) = ln(B/B * )/ln(B c * /B * ) (B * < B < B c * and f (B) = 0 for B < B * and f (B) = 1 for B > B c * ) describes the fraction of the weak superconductor that has become normal conducting (0 < f(B) < 1).
III. EXTENSION OF MODEL
The model as described so far cannot explain the frequency dependence of R s with B. It has to be extended by a more detailed analysis based on a paper of Landauer [14] and Halperin and Bergman [15] , as already anticipated in a footnote of [6] .
Landauer, and Bruggeman [16] already before him, considered a mixture of two metallic phases of individual conductivities σ 1 and σ 2 , with x 1 and x 2 as their respective volume fractions [effective medium approximation (EMA)]. Then, the conductivity σ m of the infinite uniform medium is
The electrical conductivity of the "nitrogen" component of the weak superconductor, when normal conducting, is real, σ 1 = s 1 . The electrical conductivity of its "niobium" component is purely imaginary, σ 2 = (μ 0 λ 2 ω) −1 ·i = s 2 ·i. This observation introduces the dependence on the frequency ω = 2πf into (2) . Hence, the conductivity σ m of the weak superconductor is complex as well, and its real part s m describes its RF losses, as indicated in (3), cf. bottom of next page. IV. DATA ANALYSIS An impartial choice of parameters for fitting the data of Fig. 1 is not obvious. Instead, it is observed that, within the proposed model, the relatively large dependence of the Q-value on the frequency is provided by a sharp peak of σ m located at a volume fraction around x 1 = 0.667 of the "nitrogen" component of the weak superconductor (see Fig. 3 ). This number is known to represent a percolation threshold in three dimensions for a binary metallic mixture in the EMA model.
As consequence, from [12] , the normal state conductivity of the "nitrogen" component amounts to σ 1 
With B * = 20 mT, as suggested by the data of Fig. 1 , the fitting procedure becomes straightforward: the residual resistivity ratio (RRR) at low field and the saturation field B c * are the only free fitting parameters, all others are derived. These are the mean free path l, the penetration depth λ, the depth d * of the "weak" superconductor and the overall average electrical conductivity s N b (cf. Table I ). Assuming a typical error of the data of ±3% ends up with χ 2 compatible with the number of data points and free parameters. The error intervals of the fit parameters are defined at twice the minimum χ 2 . One obtains finally s m from (3) and R s /R s
• from (1). It should be noted, however, that the conductivity s N b is reduced by a factor (T /T c ) 4 = (2/ 9.2) 4 ≈ 0.2%, by virtue of the temperature dependence of the two-fluid model. Keeping the constant c unchanged, as required by the data fitting, the average electrical conductivity of the weak superconductor s m is diminished by the same factor. This is a first indication of the weak superconductor being dispersed within the surface. Consequent to the sharp value of x 1 = 0.667 ± 0.002, the weak superconductor should have an atomic volume concentration of interstitially dissolved nitrogen of ∼0.667· (15) (16) (17) (18) (19) (20) (21) (22) (23) (24) (25) )% = (10-17)%, i.e., about every second atom in a line is a nitrogen atom, hence, close to a composition such as NbN 1±x with x«1. The hexagonal modifications of NbN and Nb 2 N were found not to be superconducting down to 1.94 K [17] , in accordance to the assumptions of the proposed model. In addition, as a second hint of the weak superconductor being dispersed within the surface, the overall average atomic volume concentration of interstitially dissolved nitrogen as measured in N-doped cavities is more than one order of magnitude lower than 10%, about 0.5%-1% [6] , [13] .
V. CONSISTENCY CHECK
In what follows the consistency of the results as obtained so far will be revised under the stipulations of the proximity effect as initially published by the Orsay group [18] , [19] . The properties of the "nitrogen" component of the weak superconductor are denoted by the suffix "N" for "normal," those of the "niobium" component are denoted with an "S" for "strong."
The starting point is the implicit formula in [19, eq. (1)] for the coherence length K
Mind that this formula and the following ones taken from [18] and [19] are written in the CGS-system of units. T cN is the critical temperature of N itself, ψ is the digamma function, D N is the diffusion coefficient, is the Planck constant, k B is the Boltzmann constant, and T is the bath temperature.
The coherence length K
−1
N depends implicitly on the diffusion constant D N = 1/3·v FN · l N , on T cN = 1.2 K, and on T = 2 K. v N is the Fermi velocity of N, and l N is the electronic mean free path in N. The dependence of l N on RRR is l N (measured in nm) = (2.9 ± 0.4)·RRR. This number is averaged from results of [20] - [22] . Then, by means of RRR = 11.7 from the data fitting, l N is computed as 34 nm. With v FN = 1.4·10 6 m/s and RRR = 11.8 from Table I , K -1 N = 233 nm. From [19, eq. (3) ], the penetration depth λ N = 57 nm (see Table I ) of the "weak" superconductor depends in addition on its electrical resistivity ρ N and on its energy gap Δ N .
The energy gap Δ N was determined from the de Gennesboundary condition, [19, eq. (4) Δ S are the energy gaps and NV N , NV S are the electron-phonon coupling constants of "N" and "S," respectively. The relation T c = 1.14 · Θ D ·e −1/N V , Θ D being the Debye-temperature, allows the determination of the respective coupling constants, under the assumption of equal Debye temperature for "N" and "S." This approximation is considered as justified due to the logarithmic dependence of NV on Θ D .
All these numbers are known except ρ N , which is adjusted such that λ N = 57 nm , as required from the data fitting. The numbers not yet mentioned so far are listed in Table II .
From [19, eq. (2)]
the coherence length ξ N = 97 nm is derived, yielding the Ginzburg-Landau constant to κ = 0.6.
Hence, the stipulated conditions of [18] , κ < 1 and d N λ N allow the determination of the critical field of the "weak" superconductor from [18, eq. (6)]: H b → Φ 0 · K N / (2πλ) = 24 mT, Φ 0 being the flux quantum. H b should be consistent with the fitted value B * , which is the case. In addition, as clearly outlined in [18] , for increasing B > B * , the boundary wall normal-/superconducting penetrates into the surface like in a type I superconductor (NB κ < 1), as already postulated in the above "résumé" section.
The fitted value of B * allows the determination of the "defect 
VI. COMPARISON BETWEEN N-DOPED AND CHEMICALLY POLISHED CAVITY SURFACES
Martinello et al. [9] presented in comparison to Fig. 1 also data for non N-doped superconducting cavities, which were chemically polished and baked at 120°C (see Fig. 4 ).
The relatively small value of B c * of the N-doped cavity (see Table I ), in comparison to that of the BCP cavity (see Table III ) needs an explanation. In the framework of the model presented this difference can be attributed to a smaller depth d * of the accountable N-doping owing to the relatively large and sharply distributed volume fraction x 1 = 0.667 of the nitrogen component.
From Table III , one concludes that the data are fitted with essentially pretty similar parameters as those of Fig. 1 
VI. CONCLUSION
In this paper, the model as proposed in [6] was challenged with new data. The model is extended by taking into account the complete formula of Bruggeman/Landauer describing the electrical conductivity of a binary uniform metallic mixture, represented by a weak superconductor. The new data can be explained by an imaginary electrical conductivity of the "niobium" component of the weak superconductor. By virtue of (1), the model shows quite naturally, why the field dependence of the surface resistance is often attributed to R BCS . The consistency with the superconducting proximity effect of the obtained fitting results is confirmed. It is conjectured that the doping agent is not the most relevant parameter for the increase of Q with E acc , but rather percolation effects. The dependence of Q on E acc is observed not only for surfaces in cavities doped with nitrogen but also for undoped chemically polished and baked ones. It is also worth mentioning that doping with other elements than nitrogen (e.g., Ar) may as well lead to an increase of Q with E acc [7] , though not across all laboratories [23] . In the latter case, though, it is likely that little to no argon diffused into the niobium during the doping process. This observation may point toward the doping agent being less or even not important for achieving a gain of Q, but rather geometrical features, such as percolation, inside a disordered and sufficiently low T cN − composite. A similar conjecture was already proposed elsewhere for non-doped cavities after chemical or electrical polishing [24] .
